ABSTRACT The accurate stable measurement of position for a shearer is a key technology in realizing an automated fully mechanized coal mining face. Using as a base of SINS/UWB integrated positioning system, the signal interference and node damage of UWB often cause an invalid integrated positioning system, because of the bad working environment of the shearer in the coal mine. Consequently, the positioning accuracy of the SINS/UWB integrated system decreases quickly, due to the drift error of SINS. Aiming at two invalid styles include partial anchor node failure and all anchor nodes failure of UWB, this paper proposes a stable SINS/UWB integrated positioning system of a shearer using the multi-model intelligent switching method based on a tightly coupled integrated model and a decision tree fault-tolerant model. First of all, the tightly coupled integrated model and the decision tree fault-tolerant model are built using measured distance and the final position of UWB, respectively. Second, the multi-model intelligent switching algorithm can be established based on the shearer Markoff movement state and residual threshold judgment of a Kalman Filter. Finally, the experimental results show that the multi-model intelligent switching faulttolerant positioning algorithm can effectively overcome increased positioning error of the tightly coupled model and the decision tree model based on these two invalid styles. The maximum position error with the positioning model proposed in this paper is 0.93 m in 327 s, and the positioning accuracy with a multi-model intelligent switching model is much greater than that with tightly coupled integration and the decision tree fault tolerant models.
I. INTRODUCTION
Coal is the principal basic energy and raw material in China. Hence, the safe and efficient exploitation of the coal mine has become a key research area for many scholars [1] , [2] . In the coal exploitation field, the notion that the mechanization and automation of mining equipment are basic factors for lessmanned or unmanned mining has gained widespread acceptance [3] , [4] . Furthermore, the precise location-awareness of the shearer is one of the key technologies for the automation of mining machines [5] . The Strapdown Inertial Navigation System (SINS) is normally used to measure the position and attitude of shearer in the coal mine, however a major problem with this kind of solutions is that the estimation error growths with time due to the typical drift of the inertial measurement [6] . In order to achieve long-term stability, other technologies will be used to support the SINS [7] . It is well known that the Ultra Wideband (UWB) Wireless Sensor Network (WSN) is developing for positioning in the coal mine. A UWB wireless sensor network has enormous potential for the short-range localization with intelligent and distributed network in the coal mine. UWB is composed of some mobile nodes and a large number of anchor nodes through the self-organization and multi-hop methods [8] . In order to achieve continuous positioning for SINS, some scholars put forward the SINS/UWB integrated positioning system for other application fields [9] , [10] . Xu et al. [11] proposed an INS/UWB-integrated system using a robust unbiased finite impulse response (UFIR) filter in a fusion center. Wang and Li [12] integrated UWB and IMU data to realize pedestrian positioning through a particle filter in a non-line-of-sight (NLOS) environment. Wang et al. [13] investigates a tightly-coupled GPS/UWB/INS cooperative positioning scheme using a Robust Kalman Filter (RKF).
It is generally known that the shearer works in a bad environment of coal mine. Both fallen rocks and electromagnetic interference often influence UWB positioning system, moreover damage it [14] . Then the SINS/UWB integrated positioning system has to be broken. It is obvious that the positioning result of UWB is calculated with some Time Difference of Arrival (TDOA) measurements which are measured by anchor nodes. With the aim of the partial damaged anchor nodes are or its interrupted wireless signal, considerable research effort has been focused on this topic recently. Li et al. [15] has proposed a Fuzzy Adaptive TightlyCoupled Integration (FATCI) method for positioning applications using SINS and WSN. Fan et al. [16] proposes a sensor fusion approach using UWB wireless radio and SINS based on a tightly-coupled model.
However, when the UWB positioning system works in the coal mine and installed under the top beam of hydraulic support, all of anchor nodes may be damaged. As a consequence, the tightly-coupled integrated positioning method, proposed by above scholars, would be no longer in force; moreover the positioning error of the integrated system would increase quickly. According to different fault types of UWB anchor nodes, the influence for integrated positioning system can be divided into two categories. Some positioning results of UWB are lost, because of any damaged anchor nodes on the one hand, on the other hand, some gross positioning errors emerge for the integrated system, thanks to the obscured wireless signal of UWB.
To solve the above problem, this paper proposes a faulttolerant positioning method based on the decision tree model. Note that this method can correct the drift positioning error of SINS by means of motion characteristic of shearer and positioning condition of UWB before the UWB failure. Meanwhile, this method needs to judge the fault type of UWB accurately using the decision tree model. As a consequence, the divergent positioning error of the integrated system would be restrained, during the period of failure. Moreover the positioning accuracy of the integrated system with fault-tolerant model would be increased.
However, the fault-tolerant integrated positioning method of SINS/UWB based on a decision-tree model mainly judges the final positioning result of UWB. When the number of anchor nodes which can measure an accurate parameter is less four, in other words, a part of anchor nodes has been failure, the tightly-coupled integrated positioning system is still able to correct the position error of SINS. Obviously, in these circumstances, the UWB cannot calculate an accurate position result for shearer. Moreover, the decision tree model of integrated system can be used to decrease the drift error of SINS, but a little accumulative position error would be grown by the SINS positioning error with time goes by.
In conclusion, the SINS/UWB integrated positioning system with tightly-coupled model can still track shearer accurately for partial effective anchor nodes. Meanwhile the integrated system with decision tree fault-tolerant model can decrease the drift error of SINS effectively. In light of this situation, this paper proposes a multi-model intelligent switching method between tightly-coupled model and the decision tree model, according to the working state of every anchor node of UWB. This method can evaluate residual threshold of Kalman filter which is calculated with measured distance of every anchor node based on the Markoff movement state of shearer. Moreover its evaluated result can be used to switch between above two fault-tolerant models for SINS/UWB integrated positioning system. Consequently, the robustness and positioning accuracy of the integrated system with the multi-model intelligent switching method would be better than that with tightly-coupled integrated model or decision tree model.
The rest of the paper is organized as follows. The state equation of integrated positioning system is presented in Section II. Section III describes a tightly-coupled model of integrated positioning system, while Section IV represents a decision tree fault-tolerant model of integrated positioning system. Section V describes an intelligent switching model for two fault tolerant positioning model. In Section VI, we examine the performance of the proposed method and compare it to decision tree and tightly-coupled models. Finally, Section VII concludes the paper.
II. STATE EQUATION OF INTEGRATED POSITIONING SYSTEM
First of all, it is very important to build a state space equation for the integrated positioning system of SINS/UWB. The state space equation often concludes a state equation and a measured equation. According to Newton's laws of motion, the position of shearer at k-th sampling time can be calculated with position at k-1-th sampling time, velocity and acceleration of shearer at k-th sampling time. The position calculated model of shearer can be obtained, and then it is calculated with total differential equation. As a consequence, the state vector of the shearer positioning system is defined as [17] :
where δP n and δV n are the position error and velocity error vectors of the shearer in the n-frame, respectively. δA is the attitude error vector. Moreover, the subscripts k stands for the time index of UWB measurement with corresponding VOLUME 7, 2019 sampling period dk. The state equation is mainly composed of state vector recursion and system noise superposition, then it can be expressed as:
where W k is the system noise vector of the state equation and
. ω ε is the measured noise of the gyroscope in the SINS. δa b is the measured noise of accelerometer in SINS. In addition G k is the one-step transition disturbance matrix of system, and F k,k+1 is the one-step transition matrix. Namely,
where, a b × represents the anti-symmetric matrix of acceleration vector a b . Hence the (2) is the state equation of integrated positioning system. 
III. TIGHTLY-COUPLED MODEL OF INTEGRATED POSITIONING SYSTEM
The SINS/UWB tightly-coupled integration architecture is illustrated in Figure 1 . Firstly, the position and velocity of SINS can be calculated through the navigation solution algorithm, which uses the specific force (denoted as f b I ) and angular rate (denoted as ω I ). Meanwhile, the measured distances (denoted as ρ U ) between four anchor nodes and the mobile node are obtained by UWB. Secondly, the pseudo-distances (denoted as ρ I ) between the SINS and four anchor nodes are calculated based on the positions (denoted as P AN ) of anchor nodes and the position (denoted as P I ) of a mobile target measured by SINS. The difference ( ρ) between the pseudo-distance ( ρ I ) and measured distance ( ρ U ) is used as the observation value of the Kalman Filter (KF). Obviously, the four differences ( ρ) of one mobile node and four anchor nodes are mutually independent and not relevant. Hence, the tightly-coupled integration model can be obtained through the Kalman Filter.
According to the UWB measured distance model between the anchor nodes and a mobile node, we assume that the discrete NLOS error transfer equation for the measured distance model is represented as
where, ε d,k is the state value of NLOS error and the ∇ ε,k is the Gaussian white noise. Consequently, the state equation of tightly-coupled integrated system is obtained based on (2) and (5) and is expressed as
where W t k is Gaussian white noise with zero mean, and its covariance matrix is Q k . The mark t is represented as the tightly-coupled integration.
According to [15] , the measurement equation of tightlycoupled integrated positioning system can be expressed as
where
then ρ Ii is the pseudo-distance between then i-th anchor node and the mobile node, as well as ρ Ui is the distance between i-th anchor node and mobile node measured by UWB. V t k is the measured noise.
IV. DECISION TREE FAULT-TOLERANT MODEL OF INTEGRATED POSITIONING SYSTEM
According to the positioning characteristic of UWB in the coal mine, UWB signal is often disturbed by obstacle, meanwhile the anchor nodes of UWB are actually very fragile in the coal mine. Then a decision tree model can judge whether UWB positioning system suffers data lost or gross error. Combined with position and attitude of shearer from SINS, the decision tree model can grasp the normal result of UWB before the fault happened, and then it can calibrate the drifted position error of SINS. As a consequence, the decision tree model is expected to increase the positioning accuracy of SINS/UWB integrated system. Namely, the decision tree model of UWB is shown as Figure 2 . According to the UWB data at time k − 1 and k, as well as k + 1, the loss of UWB position can be easily detected by using a difference between the current time t and k-th sampling time t W ,k of UWB. If this difference is greater than the sampling period T W of UWB, it is obvious that the loss of UWB position is occurred. Namely, If data loss of UWB is detected according to (8) , the final position output of the integrated system will be calculated based on the position of pure SINS. Otherwise, the predicted position of UWB at sampling time k + 1 can be calculated using yaw angle of SINS at sampling time i + 1 and the position of UWB at sampling time k-1 and k. Notice that the additional subscript i denotes the data obtained from the inertial sensors of SINS. Since the inertial sensors have much higher sampling rate than the position update of UWB. That calculated equation is expressed as follows,
where, P pre,k+1 is a predicted position of UWB at sampling time k + 1; P W ,k is the measured position of UWB; ϕ I ,i+1 is a yaw angle of shearer at sampling time i, which is computed based on SINS. Meanwhile,P k is the final position of integrated system at sampling time k. The relationship between the sampling time of SINS and UWB is expressed
The distance between measured position P W ,k+1 of UWB and predicted position P pre,k+1 can be obtained by (10) . With the aim of evaluating the measurement of UWB effectively, the distance δP pre·W ,k+1 is represented as a normalized coefficient ε k+1 of distance using normal distribution model. Mathematically, the calculation is expressed as,
The evaluated method of UWB measured position can be used by follow equation.
where, δP pre·W ,k+1 is a distance between the predicted position and measured position of UWB. S(x) is the probability density function of the normal distribution model, where µ and σ are the means and variance of function S(x) respectively. Let us define τ ε as a threshold of ε k+1 , moreover the threshold τ ε is calculated from studying and analyzing a great deal of experiment data. It can be used to judge whether the measurement of UWB is fulfilled (13) . In order to evaluate the measurement of UWB more effectively, the yaw angle ϕ W ,k+1 calculated by UWB results is configured to take advantage of detecting inaccurate measured position of UWB based on the motion characteristic of shearer. The difference δϕ k+1 between ϕ W ,k+1 and the yaw angle calculated by SINS is expressed as follows,
where, ϕ I ,i+1 is a yaw angle calculated by SINS. The threshold τ ϕl is used to judge whether δϕ k+1 is fulfilled (16) , then it can make sure whether the measured position of UWB is an accurate result for integrated positioning system. Namely,
In order to judge the measurement of UWB far more effectively, the distance difference and sum of UWB between the one at sampling time k and the other one at sampling time k + 1 can be used to detect the accurate result of UWB based on two predefined threshold τ W ,d1 and τ W ,d2 . These calculated equations are expressed as follows, (17) where, d k+1,k is a distance between two measured position of UWB at sampling time k + 1 and k, moreover the τ W ,d1 and τ W ,d2 are the thresholds for distance sum and difference of UWB measurement.
If the measured position P W ,k+1 of UWB is fulfilled both (13), (16) and (17) , this measured position, an accurate result, will be used to composed a measurement for Kalman Filter (KF) [18] . The measurement of KF is expressed as,
where, P KF,k+1 is the measurement of KF.
If the measured position P W ,k+1 of UWB is not fulfilled any one of (13), (16) and (17), the predicted position of UWB from (9) will be used as a measurement of KF. As a consequence, the inaccurate measured position of UWB cannot influence the positioning accuracy of the integrated system. VOLUME 7, 2019 Because the inaccurate positioning result of UWB may become an accurate result again for a time in the future, a detection method can be used to find the accurate positioning result of UWB in some inaccurate results. Firstly, τ ϕs is defined as a threshold which is used to judge whether δϕ k+1 is fulfilled (19) , moreover, τ ϕs < τ ϕl , because the smaller threshold τ ϕs can find out the accurate positioning result of UWB from many inaccurate results more stably. δϕ k+1 < τ ϕs (19) If the measured position of UWB is fulfilled both (17) and (19) , it can be considered to be an accurate result, which is changed form inaccurate one to accurate one. Consequently, this measured position of UWB also can be used to be a measurement of KF for integrated positioning system based on equation (18) .
Finally, according to the decision tree model, the measurement equation of SINS/UWB integrated positioning system can be obtained based on the judged position of UWB from proposed decision tree model. Mathematically, the measurement equation of the integrated system is expressed as,
where, z d k is the measurement vector of decision tree model, 
As a consequence, the positioning model of SINS/UWB integrated system is finished based on the decision tree method.
V. INTELLIGENT SWITCHING MODEL FOR TWO FAULT TOLERANT POSITIONING MODEL
According to above analysis about tightly-coupled model and decision tree model, the switching condition between two models is whether all of anchor nodes cannot measure the accurate distance from anchor node to the mobile node. If all of the anchor nodes cannot supply the accurate distance, the decision tree model will be chosen to calculate the final position of the integrated system. Otherwise, the tightlycoupled model will be chosen to constitute the measurement equation of the integrated system.
Because the motion process of shearer conforms the Markoff motion model, the position of sharer cannot change suddenly. Moreover the motion velocity of shearer must less than its maximum velocity for normal working condition of SINS in the coal mine. As a consequence, the measured distance of anchor nodes can be utilized to judge whether measured distance of UWB is an accurate one, by using the residual error of KF for every measured distance.
By means of the Markoff motion theory [19] , the transfer function for measured distance of anchor node at sampling time k and k + 1 is expressed as, (23), which it can be used to filter the measured distance of the anchor node at the process of tracking. The KF is composed of predicting equation and covariance update equation. The predicting equation can calculate predicted distance of UWB and its predicted covariance. The covariance update equation can get the gain and posterior variance of KF. Moreover the residual error of KF can be used to detect inaccurate measured distance of UWB based on a predefined threshold. The flow chart of inaccurate value detecting for measured distance is plotted in Figure 3 . From Figure 3 , after operated the predicting function and covariance update function of KF, the intelligent switching model must judge whether the measured distance of an anchor node exist at sampling time k. If the integrated system detects the measured distance of UWB at sampling time k, the parameter A,i,k will be set zero, then the integrated system continues to calculate residual error and update the state function. Otherwise, the parameter A,i,k will be set as one, moreover the integrated system operates the predicting function and covariance update function of KF again for next sampling time.
The S d,k is expressed as the residual error of KF, meanwhile a threshold τ d is used to evaluate the residual error S d,k . If the S d,k is larger than τ d , then C A,i,k = 0, it is obvious that the i-th measured distance of anchor node surpasses the threshold τ d and includes gross error. On the contrary, the measured distance of anchor node is an accurate one and C A,i,k = 1. As a consequence, the intelligent evaluation for every measured distance can be completed.
The above evaluation method is utilized to judge every anchor node which is in the positioning field, moreover the multi-model intelligent switching result can be obtained. Firstly, every parameter A,i,k is calculated with AND gate, and get a state parameter A,k for measured distance. If all of anchor nodes cannot get measured distance, A,k = 1. Otherwise A,k = 0. By means of same method, the other parameter C A,k can be used to judge whether the gross error exists any measured distance of UWB. According to the above analysis, when all of anchor nodes in the positioning field cannot get the accurate measured distance, include data lost and gross error, the integrated system applies the decision tree model. On the contrary, the integrated positioning system of SINS/UWB chooses tightly-coupled model. The flow chart of multi-model intelligent switching method is illustrated in Figure 4 . 
VI. EXPERIMENTAL RESEARCH
In order to evaluate the positioning performance of the stable SINS/UWB integrated positioning system of shearer based on the intelligent switching multi-model proposed in this paper, a shearer model in the basement is applied to simulate the actual shearer in a fully-mechanized coal mining face. Additionally, an experimental platform of the SINS/UWB integrated positioning system for the shearer model is built, and then the experimental verification for positioning model can be implemented successfully.
A. CONSTRUCTION OF THE EXPERIMENTAL PLATFORM
In a fully-mechanized mining face, the shearer rides the scraper conveyer and moves along with the working face. In view of the special environment of the coal mine working face, it is difficult to conduct a field experiment of the shearer using the SINS/UWB integrated positioning platform. Consequently, a shearer model in the laboratory has to be used to test via simulation experiments. Meanwhile, considering that the shearer works in dreadful conditions, in order to simulate its working conditions, the shearer model is placed at an underground car park and used to conduct the experiments. As a consequence, the experimental environment comes closer to the actual working condition of the shearer.
The SINS is installed on the shearer and supplied by a mobile power bank. Meanwhile, the inertial data is transferred with two Bluetooth modules. One Bluetooth module is connected to the SINS with an RS232 ribbon cable, and the other is connected to the computer by a wired USB serial connection (Bluetooth 1.1 and USB 2.0).
The used SINS includes a six degree-of-freedom MEMS Inertial Measurement Unit (IMU) which consists of a triaxial accelerometer and a triaxial gyroscope. The main parameters of the MEMS accelerometer and gyroscope are described in Table 1 . The baud rate of the SINS is 115,200 bit/s, and the sampling period is 0.01 s. The maximum transmission baud rate of the Bluetooth model is 1,382,400 bits/s. The maximum received distance between the two Bluetooth modules is up to 100 m in ideal conditions (free space). [20] .
The UWB positioning system is applied to measure the position of the sharer based on the Time Difference of Arrival (TDOA) and Angle of Arrival (AOA) methods. The mobile node is placed at the shearer and transmits the electromagnetic wave signal. Meanwhile the anchor nodes are installed on the ground and receive the electromagnetic wave signal. The positioning accuracy for mobile target is about 0.2 m in the empty field for ideal conditions. The time VOLUME 7, 2019 synchronization for every anchor node is achieved by interconnected shielded wire, meanwhile the measured data of anchor node can be transmitted to computer by means of an industrial switch. Then the measured distance between anchor node and mobile node can be calculated by TDOA and AOA results. The power of the mobile node is supplied by itself battery, furthermore the industrial switch provides power supply to the anchor nodes through the shielded wires. The sampling period of UWB is set at 0.2 s.
The UWB positioning system is composed of eight anchor nodes and a mobile node. All of anchor nodes are placed along a straight line with uniformly space. In addition, the position of eight anchor nodes are set as (4.5, Figure 5 . The shearer model moves along the track which is laid on the floor in advance, while noting that the motion trajectory of the shearer model forms a straight line. Figure 6 shows the experimental scene of the shearer SINS positioning system. 
B. EXPERIMENTAL RESULT
In the process of experiment, SINS measures the acceleration and angular rate of shearer real time, meanwhile the UWB detects measured distances between every anchor node and shearer. The position and orientation of SINS can be calculated by quaternion update algorithm. Using as a base, the stable position of shearer can be obtained with the multimodel intelligent switching model for SINS/UWB integrated positioning system proposed in this paper.
For the first experiment, the shearer model moves from start point to the end and the experiment lasts for 80 s. In order to evaluate the positioning performance with loosely-coupled integration and tightly-coupled integration for UWB short term failure, the measured distance value of second anchor node is interrupted in the process of motion. The failure time of the second anchor node is set from 60 s to 70 s. Then the final position of UWB cannot be obtained during this time segment except for the measured distance values from other anchor nodes. The fusion result of loosely-coupled integrated model and tightly-coupled mode is depicted in Figure 7 , combined with the positions using SINS-only and UWB-only. Because of the drift error of SINS, the positioning trajectory of SINS has deviated from the reference trajectory far away at the process of shearer motion. As a consequence, in order to show the details of every trajectory more clearly, the trajectory of SINS has to draw in a sub-figure which is placed in the upper left corner of the main figure.
Note that the positioning result of UWB is represented as a series of red crosses. The result of pure SINS, expressed as a blue line, has already arisen the drifted position error after the shearer started to move. The position error of SINS has become seriously diverging as time go by, however the position result of UWB has arisen the stochastic error without the drifted error. The positioning result of loosely-coupled integration model is expressed as a green line and it can track the actual trajectory effectively with small position error under the circumstances of normal UWB. However the positioning trajectory with loosely-coupled integrated model begins to deviate the reference trajectory seriously, once the partial anchor node of UWB is interrupted. Additionally, the positioning result with tightly-coupled integrated model, a blue line in the main figure, can track the reference with higher accuracy, no matter whether all of anchor nodes work normally. The position error of the SINS/UWB tightly-coupled integrated model is presented in Figure 8 . Obviously, the positioning accuracy of the tightly-coupled positioning system is better than that of the loosely-coupled integrated model. The maximum position error with loosely-coupled integrated model is 11.17 m. On the contrary, the maximum position error with tightly-coupled integrated model is 0.27 m. Note that, in this case, the accuracy of the positioning system with the tightly-coupled integrated model is much greater than that with loosely-coupled integration model.
In order to evaluate the positioning performance of decision tree fault-tolerant model, the measured distances of all anchor nodes are interrupted in the process of motion. The failure time of the all anchor nodes is set from 60 s to 70 s. Then both the measured distance and the final position of UWB cannot be obtained during this time segment. The fusion result of a decision tree fault-tolerant model is depicted in Figure 9 , combined with loosely-coupled integrated model and tightly-coupled model. From this figure, it is obvious that both the two positioning trajectories with loosely-coupled integrated model and tightly-coupled model are deviated the reference trajectory seriously at the process of all anchor nodes failure. However, the positioning result with decision tree fault-tolerant model, expressed as a bold blue line, can track the reference trajectory with small accumulative error at the process of all anchor nodes failure. This is due to that the decision tree fault-tolerant model can utilize the normal data of UWB before the failure time, while the tightlycoupled model only utilizes the measured distance at the current moment. If all of the anchor nodes are damaged, the tightly-coupled integrated model will be failure.
The position error of the SINS/UWB system with different integrated models is shown in Figure 10 . It is clear that the positioning accuracy of the integrated positioning system with decision tree model is much better than that of the tightly-coupled model and the loosely-coupled model. The maximum position error with tightly-coupled model and loosely-coupled model are 11.24 m and 11.50 m respectively. On the contrary, the maximum position error with decision tree model is 0.55 m. Note that, in this case, the accuracy of the positioning system with the decision tree fault tolerant model is much greater than that with tightly-coupled integration and loosely-coupled integration models.
In order to evaluate the positioning performance of the multi-model intelligent switching model proposed by this paper, we set twice partial anchor node failure and twice all anchor nodes failure at the process of shearer motion from the start point to the end. The failure time of the all anchor nodes is set from 40 s to 50 s, as well as form 60 s to 70 s, meanwhile the failure time of the partial anchor node is set form 30 s to 40 s, as well as form 50 s to 60 s. The positioning result of SINS/UWB integrated system with different models is plotted in Figure 11 . Positioning trajectories with decision tree fault-tolerant model and tightlycoupled integrated model are expressed as red dash line and green line respectively, moreover the positioning trajectory with multi-model intelligent switching model is represented as bold blue line. From this figure, it is obvious that the positioning trajectory of tightly-coupled integrated model has developed twice large drift error at the process of shearer motion. Because the SINS/UWB positioning system with tightly-coupled model can utilize partial measured distances, while that with tightly-coupled model cannot take advantage of UWB positioning result for all the anchor nodes failure. Moreover the positioning trajectory of decision tree faulttolerant model deviates the reference trajectory gradually as time goes by. This is due to that the positioning system with decision tree model only utilizes the accurate mobile target position of UWB. If some anchor nodes of UWB are damaged, no matter partial anchor node or all anchor nodes, the UWB cannot measure the accurate position of shearer. As a consequence, the positioning system with decision tree model has to utilize the above normal measured characteristic from UWB to restrain the drift error of SINS. Because of the influence of gradually increasing position error of SINS, a small accumulative error of the integrated positioning system has been emerged based on decision tree fault-tolerant model at the start of partial anchor node failure. However, the positioning trajectory of SINS/UWB integrated system with multi-model intelligent switching model can track the reference line more effectively. The multi-model intelligent switching algorithm can own their respective advantage for tightly-coupled model and decision-tree model.
The position error of SINS/UWB positioning system with different integrated models is depicted in Figure 12 for more complex failure of anchor node. Note that the maximum position error with tightly-coupled model and decision tree model are 11.34 m and 8.63 m respectively. On the contrary, the maximum position error with multi-model intelligent switching algorithm is 0.92 m. In this case, the accuracy of the positioning system with multi-model intelligent switching algorithm is much greater than that with tightly-coupled integration and the decision tree fault tolerant models. In order to verify the stability of SINS/UWB integrated positioning system with multi-model intelligent switching model proposed by this paper more effectively, let the shearer model move from start point to the end and back twice, in other words, the shearer moves four times as previous experiment, then the experiment lasts for 327 s. In addition, we set twice partial anchor node failure and twice all anchor nodes failure at every process of shearer motion from start point to the end or back. Note that the experimental result is shown as Figure 13 . From this figure, it is obvious that all of positioning trajectories with three integrated models can track the reference trajectory, when all of anchor nodes can measure the accurate distances between anchor nodes and a mobile node. However, the serious divergence of positioning trajectory with tightlycoupled integrated model has been emerged, when all of the anchor nodes are failure. Note that the positioning trajectory with decision tree fault-tolerant model begins to deviate the reference trajectory gradually no matter whether the partial anchor node failure or all anchor nodes failure. Because the integrated positioning system with decision tree faulttolerant model only utilizes the finial position of UWB. If the number of normal anchor node is less three, the position of the mobile node cannot be calculated by other accurate measured distances. The integrated positioning system with decision tree model only utilizes the normal UWB data to forecast before the failure state, however it cannot avoid the drift error of SINS. As a consequence, the positioning error of decision tree model expresses a little accumulative error. On the contrary, the positioning trajectory with multi-model intelligent switching model, expressed as a bold blue line, can track the reference trajectory accurately at whole process of motion.
The position error of SINS/UWB positioning system with three integrated models is plotted in Figure 14 . It is obvious that the maximum position error with tightly-coupled model and decision tree model are 36.78 m and 10.65 m respectively. On the contrary, the maximum position error with multi-model intelligent switching algorithm is 0.93 m. In this case, the accuracy of the positioning system with multi-model intelligent switching model is much higher than that with tightly-coupled integration and the decision tree fault-tolerant models. Moreover, the SINS/UWB integrated positioning system with multi-model intelligent switching model displays the excellent stability and robustness. Consequently, this fault-tolerant integrated model proposed by this paper can adjust to the bad environment of the coal mine more effectively.
VII. CONCLUSION
For the SINS/UWB integrated positioning system, the gross error and data loss of measured distance for UWB anchor node is often emerged in the bad environment of the coal mine. The integrated positioning system with tightly-coupled model can still track the shearer accurately for partial anchor node failure; meanwhile the positioning system with decision tree fault-tolerant model can keep high positioning accuracy for some time based on all anchor nodes failure. Aiming at above two invalid styles of UWB, this paper proposes a stable SINS/UWB integrated positioning system of shearer using the multi-model intelligent switching method based on tightly-coupled integrated model and decision tree fault-tolerant model.
In order to evaluate the multi-model intelligent switching method which is proposed in this paper, a shearer model in the basement is applied to conduct some experiments regarding SINS/UWB integrated localization. Firstly, for partial anchor node failure lasting for 10 seconds, the integrated positioning system with tightly-coupled model expresses a high positioning accuracy. Moreover, for all anchor nodes failure lasting for 10 seconds, unlike quickly divergence for tightly-coupled integrated model, the positioning system with decision tree fault-tolerant model can track a reference trajectory with 0.55 m maximum position error. Secondly, for alternate failure between partial anchor node and all anchor nodes lasting for 40 seconds, the integrated positioning system with tightly-coupled model still lead to serious divergence, meanwhile that system with decision tree model causes a degree of divergence because of longer failure time. On the contrary, the integrated system with multi-model intelligent switching algorithm has the highest positioning accuracy, which maximum position error was 0.92 m. Finally, based on above failure condition, let the shearer model moves four times as previous experiment and lasts 327 s, the accuracy of the positioning system with multi-model intelligent switching model is much greater than that with tightly-coupled integration and the decision tree fault-tolerant models.
Moreover, the SINS/UWB integrated positioning system with multi-model intelligent switching model displays the excellent stability and robustness for the bad working environment of coal mine.
